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Abstract
Physical and chemical changes in Toscano ham lean were evaluated according to three different seasoning time (14, 16 and 
18 months). Moreover, on Semimembranosus muscle, the volatile profile at 0, 1, 3, 6, 12, 14, 16 and 18 months of seasoning 
was determined by SPME–GC–MS. Eventually, a quantitative-descriptive sensory evaluation was performed. Longer season-
ing times led to a decrease of Chroma in Biceps femoris, and also protein and proteolysis index decreased as the seasoning 
time increased. A total of 97 volatile compounds (VOCs) belonging to seven chemical families (29 aldehydes, 16 esters, 14 
alcohols, 13 hydrocarbons, 12 ketones, 10 acids, 2 furans and 1 nitrogenous compound) were identified. Sensory evaluation 
outlined the major differences between 18th months ham and the other two classes, with the former being harder and with 
a slight presence of off flavor and off odor. The VOCs evolution during curing was studied and a multivariate approach was 
performed to test the feasibility of using the VOCs profile to predict the curing stage of Toscano ham. The discriminant 
analysis successfully managed to separate the samples of 0–6 months from the ones of 12–18 months using 26 of the identi-
fied VOCs. Among them, pentane 2,3-dimethyl, acetophenone and 9-decenoic acid were strong discriminants for 0–6 months 
hams, while dodecanoic, benzeneacetaldehyde, 3-octen-2-one and pentanoic acid ethylester were linked to 12–18 months 
hams. Within the high maturing classes (12, 14, 16, 18 months of seasoning), the 17 discriminating compounds identified 
successfully allocated only 12 and 18 months samples. The main VOCs associated with the “12 months” class were nonanal, 
1,5-diphenyl-3-methylthio-1,2,4-triazole and 6-methoxy 2-hexanone. The “18 months” seasoning class, instead, was identi-
fied by 1,5-diphenyl-3-methylthio-1,2,4-triazole, phenol and l,2-butoxy ethanol.
Keywords Aromatic profile · Seasoned ham · Multivariate analysis · Discriminant analysis · Curing time · GC–MS
Introduction
In the last decades, the analysis of volatile compounds 
(VOCs) was widely performed to characterize the dry-cured 
products and, in particular, the dry-cured ham [1–4]. Indeed, 
in Europe, several PDO dry-cured hams have been estab-
lished, i.e., Parma, San Daniele, Toscano and Iberian rep-
resent pivotal productions in their respective countries, due 
to their economic value and their extraordinary consumer 
acceptance. Many factors were identified as responsible for 
influencing the dry-cured ham sensory profile, especially 
in relation to VOCs [5]. Among them, a pivotal role is cer-
tainly carried out by the length of curing process [6], during 
which a series of enzymatic and non-enzymatic reactions 
take place, leading to the development of a large number 
of VOCs and, consequently, to the characteristic sensorial 
attributes of ham. Although the influence of different curing 
times has been widely investigated, few studies are available 
on the VOCs trend during the different stages, from green to 
dry-cured ham [7–9].
Furthermore, since the dry-cured ham is a very complex 
matrix, where the contribution to flavor development can 
occur both from fat and lean tissue [10], a differentiation 
between lean and fat VOCs’ profile seemed to be an interest-
ing topic. Moreover, it is well known that the main family 
of volatile compounds, such as aldehydes, originated both 
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from lipid oxidation and from protein degradation through 
Maillard reaction [9].
The modification in VOCs composition, linked to the 
change of some discriminant factors (curing time, salt 
reduction, etc.), is generally due to a quantitative difference 
among compounds rather than the presence of a “marker 
compound”; the entire pool of VOCs can be used as an ele-
ment of characterization (a kind of aromatic fingerprint) 
generated by processing data through appropriate statistical 
tests. Several authors [9, 11, 12] have already used a multi-
variate approach, such as the principal component analysis 
(PCA), to explore VOCs data. In the present research, how-
ever, alternative statistical approaches, such as the canonical 
discriminant analysis (CDA) and the discriminant analysis 
(DA), were preferred to PCA to analyze data. CDA is a 
multivariate statistical technique specifically conceived to 
discriminate groups and to highlight variables that better 
separate those groups. Furthermore, the DA is particularly 
useful to classify objects into groups.
The aim of this work was to study the physical, chemical 
and sensory characteristics, as well as the aromatic pattern 
of Semimembranosus muscle in Toscano dry-cured ham 
starting from the green ham until 18 months of ripening. 
Moreover, the CDA and the DA were tested to assess the 
feasibility of using them to classify the hams in the different 
curing ages.
Materials and methods
Samples
A total of 30 hams were used for the present study. Samples 
were divided into three groups of ten hams each, which were 
seasoned for 14, 16 and 18 months, respectively. Green hams 
weighed 15.60 ± 1.06 kg and they were manufactured and 
seasoned in an industrial plant until they reached the final 
weight of 10.73 ± 0.88 kg, according to the ‘Toscano’ PDO 
Consortium manufacturing protocol. The protocol fore-
sees the following phases: salting (15–18 days), pre-resting 
(15 days), resting (60–70 days), drying (10 days), ripening 
(~ 240 days) and seasoning (after 12 months). At the estab-
lished time (14, 16 or 18 months), hams were dissected to 
perform the physical, chemical and sensory analysis. Moreo-
ver, the hams belonging to the 18-month group were sam-
pled along the whole curing period (at 0, 3, 6, 12, 14, 16 and 
18 months) as described in “Volatile compound analysis”.
Physical and chemical parameters
Curing loss was expressed in percentage and measured as 
difference between initial weight (time 0) and final weight 
(14, 16 or 18 months depending on seasoning cluster). At the 
end of each seasoning time (14, 16 or 18 months), ten hams 
were dissected and on Semimembranosus muscles color 
(L*, a* and b*) parameters were determined by a Minolta 
Chromameter CR200 with illuminant C (Tokyo, Japan), 
immediately after slicing. Starting from these data chroma 
and hue angle were calculated. Moisture was determined by 
lyophilizing to constant weight 40 g of sample, according 
to AOAC methods [13]. Total protein, fat and ash contents 
were determined following the AOAC [13] methods. The 
salt content was assessed by Volhard method (ISO 1841-
1). Fatty acids were determined using a Varian GC-430 
apparatus equipped with a flame ionization detector (FID) 
(Palo Alto, CA, USA) as reported by Sirtori et al., [14]. The 
individual methyl esters were identified by their retention 
time using an analytical standard (F.A.M.E. Mix, C8-C22 
Supelco 18,9201AMP). Response factors based on the inter-
nal standard (C19:0) were used for quantification and results 
were expressed as g/100 g of sample.
Volatile compound analysis
Each ham of the 18 months group was sampled immediately 
after trimming (0) and after 1, 3, 6, 12, 14, 16 and 18 months 
of ripening. These sampling times were chosen according to 
the temperature and the relative humidity regimes that varied 
during curing (Table 1). Semimembranosus muscle was sam-
pled using a 5-mm punch corer. Sampling was performed 
Table 1  Ripening phases 
and processing conditions of 
Toscano ham
a The inner ham reaches a maximum of 20 °C
Phase Temperature  °C Relative humid-
ity  %
Days per phase Cumulate days
Salting 1.5–3.5 70–80 15–18
Pre-resting 2–4 50–70 15 30–33
Resting 2–4 55–75 60–70 90–103
Pre-drying 25a 50–70 (8 h)
Drying 16–18 50–70 10 100–113
Pre-seasoning 16–18 55–75 90 190–203
Seasoning 16–18 60–80 180 370
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approximately in the same location. After each sampling, 
the hole was filled with a mixture of lard, salt and pepper to 
prevent oxidation reactions and microbial contaminations. 
For sample preparation, 1 g of homogenized muscle, ground 
by liquid nitrogen, was transferred to 10 mL screw cap head-
space vials and, for each sample, 1 mL of distilled water 
and approximately 1 g of NaCl were added. The vials were 
supplemented with 40 μl of internal standard (ethylacetate-
d8; toluene-d8; ethyl hexanoate-d11; hexanoic acid-d11; 
3,4-dimethylphenol). The compound in the internal standard 
were either isotopologues, i.e., deuterated analogs of com-
pounds present in the samples, or similar compounds but 
not found in the speciments. The mix added to the samples 
immediately before the analyses [15].
The volatile compound profile was obtained by the 
SPME–GC–MS technique. An Agilent 7890 Chromatograph 
equipped with a 5975A MSD with EI ionization was used 
for analysis. A three-phase DVB/Carboxen/PDMS 75-μm 
SPME fiber (Supelco, Bellafonte, PA, USA) was exposed 
in the headspace of the vials at 60 °C for 30 min for vola-
tile compound sampling after a 5-min equilibration time. A 
Gerstel MPS2 XL autosampler equipped with a magnetic 
transportation adapter and a temperature-controlled agitator 
(250 rpm with on/cycles of 10 s) was used for ensuring con-
sistent SPME extraction conditions. Chromatographic condi-
tions were column J&W Innovax 30 m, 0.25 mm, ID 0.5 μm 
DF; injection temperature 250 °C, splitless mode, oven pro-
gram 40° for 1 min, then 2 °C/min to 60 °C, 3 °C/min to 
150 °C, 10 °C/min to 200 °C, and 25 °C/min to 260 °C for 
6.6 min. Mass spectra were acquired within the 29–350 M/Z 
interval with an Agilent 5975C MSD spectrometer at a scan 
speed to obtain three scans/s. The identification of volatile 
compounds was done on the basis of both matching of the 
peak spectra with library spectral database and matching 
of the calculated Kovat index (KIS) with the KIS retrieved 
from literature. Data are expressed as normalized area ratios 
with the appropriate internal standard (IS).
Sensory analysis
Once they reached the desired seasoning time (14, 16 or 
18 months), hams were boned and cut at knee level into 
two sections. Slicing was carried out perpendicularly to the 
bone to obtain 0.8 mm-thick slices comprehensive of Biceps 
femoris, Semimembranosus and Semitendinosus muscles. 
Sensory analysis was performed by a trained panel of 12 
judges using a descriptive analysis method: 15 traits regard-
ing sensory characteristics of ham, grouped in appearance, 
texture, taste and aroma, were studied. A 10-cm unstructured 
scale was used, whose extremes were “very low” and “very 
high”. Hams were sliced immediately before each session 
and tasting was performed on two samples of each ham. All 
sessions were done at 20–24 °C in a panel room equipped 
with fluorescent lighting, and panelists were invited to drink 
a glass of water and eat a cracker between one sample and 
the following one.
Statistical analysis
Data were analyzed using SAS Software [16] according to 
the following linear model:
 where y is the volatile compound; µ the overall mean; RT 
the fixed effect of curing time (8 levels); H the random effect 
of ham (with repeated measures in time); and ε the random 
residual error. Tukey’s test with a p value threshold lower 
than 0.05 was used to compare means. For sensory analysis, 
the effect of panelist was also added to the model.
Three multivariate statistical techniques were used to ana-
lyze the VOCs behavior: the canonical discriminant analysis 
(CDA), the stepwise discriminant analysis (SDA) and the 
discriminant analysis (DA). All statistical analyses were 
developed by using the SAS software (SAS Institute, Inc.).
The CDA defines a set of new variables, called canoni-
cal functions (CAN), which are linear combinations of the 
original characters. In general, if k-groups are involved in the 
CDA, k-1 CANs are extracted. The structure of a CAN is:
where ci are the canonical coefficients (CCs) and Xi are the 
scores of original variables. CCs indicate the partial contri-
bution of each variable in composing the CAN. The greater 
the CC, the more the related variable contributes in compos-
ing the CAN. The distance between groups was calculated 
by using the Mahalanobis distance (MD), a metric particu-
larly useful in a multivariate space when some variables are 
correlated. The formula is:
 where x = (x1, x2,…, xn)T is an observation from a set of 
observations with mean μ = (μ1,μ2,….,μn)T and covariance 
matrix S. The effective separation between groups was tested 
with the Hotelling’s T-square test [17]. However, this test 
can be developed only if the pooled (co)variance matrix of 
data is not singular. In our research, the number of hams 
(rows in the matrix of data) is lower than the number of 
volatile compounds (columns). In this condition, any mul-
tivariate technique becomes meaningless because the (co)
variance matrix does not have a full rank [18]. Therefore, a 
reduction of the space variables is required. For this reason, 
before CDA, the SDA was applied to the data. SDA is a mul-
tivariate statistical technique specifically conceived to select 
yij = 휇 + RTi + Hj + 휀ij,
CAN = c1X1 + c2X2 +⋯ + cnXn,
MD(x) =
√
(x−휇)TS−1(x−휇),
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the subset of variables that better discriminate groups. In the 
present research, the SDA selects compounds exploited to 
develop both the CDA and the DA. The latter technique was 
used to classify ham samples into seasoning groups.
The above-mentioned discriminant procedures were suc-
cessively applied to volatile compounds data according to 
the following two scenarios. In the first scenario, VOCs data 
were arranged in two major curing classes: the low maturing 
class (LMC) with samples belonging to 0, 1, 3 and 6 months; 
the high maturing class (HMC) with samples belonging to 
12, 14, 16 and 18 months of seasoning. In the second sce-
nario, only samples belonging to HMC were considered.
The discriminant procedures were applied to detect the 
most discriminant compounds able to correctly separate 
groups involved in the two scenarios. To validate the results, 
considering the reduced number of involved hams, the leave-
one-out cross-validation technique was adopted. In practice, 
in each scenario, SDA, CDA and DA were applied ten times 
(10 hams being involved in the study) by using, at each run, 
one ham as a validation sample. At the end, ten datasets of 
variables were obtained. Since compounds selected at each 
round could be different, the ten groups of variables were 
joined. The resulting compounds were used to develop the 
final run of CDA and DA.
Results and discussion
Physical and chemical analysis
Along the curing process, hams lose weight due to an 
increasing loss of water from 0 to 18 months of curing 
(6, 16, 23, 27% at 1, 3, 6, 12 month respectively, data 
not shown), with a plateau between 14 and 16 months 
(Table 2). Consequently, moisture showed a light ten-
dency to decrease from 14- to 18-month hams, in line 
with what is generally observed in dry-cured ham [19–21]. 
Some modifications in protein content were also observed 
between seasoning classes, especially between 14- and 
16-month hams and the 18-month group. This is probably 
due to an increased proteolysis activity along curing, as 
observed by Benedini et al. [22].
Instrumental color did not show any difference in the 
Semimembranosus muscles among the seasoning classes. 
Contrariwise, changes in color traits were observed in 
Celta ham, where Biceps femoris was less red and bright 
in the final seasoning phase [19], and in Teruel PDO dry-
cured ham [23], and a progressive decrease of CIELAB 
parameters in lean ham was observed also by Giovannelli 
et al. [21] for three Italian PDO dry-cured hams. In the 
latter study, as the curing process advances, Toscano ham 
was the one that showed the greater decrease in lightness 
during the last seasoning phases.
The evolution of fatty acid profile (Table 3) from green 
to cured ham outlined some significant differences for 
C12:0, C14:0, C16:0, C16:1-n7, C17:0, C17:1, C18:1-n9 
and C18:1-n7, whose amounts were greater in green ham 
than in cured products, especially for hams seasoned for 
14 and 16 months. Total saturated (SFA) and monoun-
saturated (MFA) fatty acids showed the same decreasing 
pattern from 0 to 14 or 16 months of curing and, even 
if polyunsaturated fatty acids (PUFA) n3 and PUFA n6 
were similar, n6/n3 ratio was lower in green hams with 
respect to 14- and 16-month hams. Eventually, total lipids 
decreased from 0 to 14 and 16 months. Comparable find-
ings were observed for C16:0 between green and seasoned 
Iberian ham [24], for C18:1 and MUFA contents between 
12- and 16-month Kraški pršut Semimembranosus muscle 
[25] and between green and cured hairless Mexican pig 
ham [26]. Moreover, the decrease in total fatty acids was 
anticipated due to lipid oxidation processes taking place 
during the curing and outlined by VOCs profile evolution. 
The fatty acid evolution along the curing, including the 
results related to the 18-month cured hams was partially 
unexpected and it would need further researches, though 
similar results have already been reported for Teruel, Ibe-
rian and Corsican dry-cured hams [27–29].
Table 2  Physical parameters 
and chemical composition of 
Toscano ham Semimembranosus 
muscle
* Different letters (a, b) among seasoning classes indicate significant differences (P < 0.05)
14 16 18 RMSE P
Curing loss (%) 28.27 b 29.43 b 30.94 a 1.51 < 0.0001
Moisture (%) 28.04 27.18 27.36 1.11 0.058
Protein (% on dry matter) 76.71 a 77.14 a 74.92 b 1.71 0.022
Fat (% on dry matter) 4.10 3.79 4.05 1.05 0.779
Ash (% on dry matter) 12.84 12.43 11.84 1.05 0.137
Sodium nitrite (% on dry matter) 5.41 5.52 5.33 0.56 0.756
Proteolysis index 0.29 a 0.28 a 0.26 b 4.00 < 0.0001
Chroma 14.20 13.74 14.14 8.11 0.636
Hue 0.37 0.34 0.40 12.51 0.059
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Volatile fraction development
The aromatic profile of dry-cured hams is very complex, 
and is due to several factors, specifically related to the pro-
cess of protein and lipid degradation during the ripening, the 
microbial metabolism and the traditional use of spices such 
as pepper and laurel during the salting. Indeed, in the pre-
sent study, 97 volatile compounds were identified (Table 4) 
in lean ham, grouped into seven chemical families (hydro-
carbons, aldehydes, ketones, esters, alcohols, acids, furans). 
Aldehydes consisted of 29 volatile compounds, followed 
by 16 esters, 14 alcohols, 13 hydrocarbons, 12 ketones, 10 
acids, 2 furans and 1 nitrogenous compound. The volatile 
compounds’ relative division in the seven families is typical 
of these products, as reported by Ramirez and Cava [30] on 
hams and by Soto et al., [31] on dry-cured loins, with alde-
hydes being one of the most represented groups. Aldehydes 
mainly originate from fatty acid autoxidation, but some of 
them, such as 2-methyl butanal and 3-methyl butanal, are the 
result of amino acid degradation, often linked to bacterial 
metabolism. They notably contribute to the overall aroma, 
thanks to their low thresholds and abundance [10, 32]. In 
the present work, the most abundant linear aldehydes were 
hexanal, nonanal and pentanal, whose main precursors were 
postulated to be oleic and linoleic fatty acids [33], widely 
present in hams. Hexanal is also considered an important 
indicator of lipid oxidation [34]; in fact, even if it contrib-
utes to the ham overall aroma with grassy and fresh notes, 
its excessive presence easily leads to unpleasant rancid 
notes and flavors. Regarding unsaturated aldehydes, seven 
were identified all over the curing (2-heptenal, 2-octenal, 
2-nonenale, 2-undecenal, 2-dodecenal an 9-octadecenal), 
resulting from fatty acids oxidation. Eventually, polyun-
saturated aldehydes consisted of six compounds, of which 
Table 3  Fatty acid profile 
(g/100 g) of Toscano ham 
according to seasoning time
* Different letters (a, b) among seasoning classes indicate significant differences (P < 0.05)
0 14 16 18 RMSE P
Total lipids 6.44 a 5.27 b 5.01 b 6.21 ab 1.53 0.040
C12:0 0.04 a 0.02 b 0.03 ab 0.04 a 0.01 0.028
C14:0 0.10 a 0.07 b 0.07 b 0.10 ab 0.03 0.028
C14:1-n5 0.00 0.00 0.00 0.01 0.00 0.271
C15:0 0.00 0.00 0.00 0.01 0.00 0.191
C16:0 1.38 a 1.14 ab 1.07 b 1.35 ab 0.35 0.051
C16:1-n9 0.04 0.03 0.03 0.04 0.01 0.119
C16:1-n7 0.29 a 0.21 bc 0.19 c 0.26 ab 0.08 0.003
C17:0 0.01 b 0.01 ab 0.01 ab 0.02 b 0.01 0.038
C17:1 0.02 a 0.01 b 0.01 ab 0.02 ab 0.01 0.050
C18:0 0.61 0.52 0.50 0.57 0.15 0.133
C18:1-n9 2.63 a 2.00 b 1.87 b 2.44 ab 0.70 0.012
C18:1-n7 0.40 a 0.30 b 0.29 b 0.37 ab 0.10 0.007
C18:2-n6cis 0.56 0.58 0.57 0.61 0.09 0.497
C18:3-n3 0.03 0.03 0.03 0.04 0.01 0.253
C20:0 0.01 0.01 0.01 0.02 0.01 0.226
C20:1-n9 0.05 0.04 0.03 0.04 0.02 0.106
C20:1-n7 0.00 0.00 0.00 0.01 0.00 0.080
C20:2-n6 0.02 0.02 0.02 0.02 0.01 0.094
C20:3-n6 0.02 0.02 0.02 0.02 0.00 0.208
C20:4-n6 0.12 b 0.15 a 0.16 a 0.13 b 0.02 < 0.0001
C20:3-n3 0.02 0.02 0.02 0.03 0.01 0.098
C22:4-n6 0.03 0.03 0.03 0.03 0.01 0.352
C22:5-n3 0.03 0.03 0.02 0.03 0.01 0.060
C20:5-n3 0.02 0.02 0.02 0.02 0.00 0.107
SFA 2.15 a 1.78 ab 1.69 b 2.09 ab 0.54 0.069
MUFA 3.43 a 2.60 b 2.44 b 3.19 ab 0.89 0.010
PUFA-n3 0.13 0.11 0.11 0.13 0.03 0.155
PUFA-n6 0.75 0.80 0.80 0.81 0.10 0.306
PUFA 0.86 0.89 0.89 0.92 0.12 0.535
n6/n3 6.02 b 7.08 a 7.31 a 6.28 b 0.80 < 0.0001
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2,4-decadienal was the most abundant. Linear, unsaturated 
and polyunsaturated aldehydes showed almost the same 
trend, being characterized by a great increase in the first 
period, from 0 to 6 months and then decreasing from 6 to 
18 months. Some exception can be observed for 2,4-hexadi-
enal, 2,4-decadienal and 2-octenal, which remained constant 
especially in the last period (from 12 to 18 months). Similar 
results on aldehydes during the dry-curing process have also 
been reported for Toscano ham [8], Krški pršut [25] and 
Iberian ham [9], pointing out the relationship between the 
increasing content of aldehydes and the decreasing content 
of their respective fatty acid precursors.
If linear aldehydes are associated with lipid autoxida-
tion, branched and aromatic aldehydes develop mainly from 
amino acid degradation. In the present work, the identified 
branched aldehydes are: 2-methyl butanal, 3-methyl butanal 
and 2-methyl-undecanal. Amino acid degradation can also 
lead to aromatic aldehydes, such as benzaldehyde, benze-
neacetaldehyde, 2,6-dimethylbenzaldehyde and 2,4-dimeth-
ylbenzaldehyde [32]. Beyond their respective concentra-
tions, 2-methyl butanal, 3-methyl butanal, benzaldehyde 
and benzeneacetaldehyde are very important due to their 
contribution to ham’s overall aroma. 2-Methyl butanal is 
associated with nutty, cheesy and salty notes, while 3-methyl 
butanal is characterized by fruity, acorn-like, cheesy notes 
[35]; they both increased during all the curing process, but 
especially at the end (from 12 to 18 months). Benzalde-
hyde and benzeneacetaldehyde followed the same trend of 
2-methyl butanal and 3-methyl butanal; they are character-
ized by unpleasant bitter and almond notes.
In addition to the aldehydes, the most abundant chemical 
family observed was the esters. These compounds, derived 
from the esterification of carboxylic acids and alcohols, were 
generated by lipid oxidation in the intramuscular tissues 
during the curing process. Esterification is usually carried 
out by microbial esterases [31], but, considering the low 
microbial counts observed inside this type of product, the 
microbial origin is often discarded for ham [36], preferring 
a chemical pathway promoted by endogenous enzymes or, 
at least, a concurrent formation thanks to the yeasts, moulds 
and bacteria found on the ham surface [37]. Esters increased 
during the salting and drying periods (0–6 months); then the 
trend became more specific for each compound but, gener-
ally, they continued to increase or remained stable during 
the drying period and then slightly decreased, as reported 
in other studies [15, 25]. Despite their variations along the 
ripening, almost all the esters increased from green ham to 
the final product. Most of the observed esters were ethyl 
esters, of which the acid part was derived from the catabo-
lism of branched amino acids (i.e., butanoic acid 3-methyl-
ethyl ester) or fatty acids (hexanoic acid, ethyl ester) [38]. 
The contribution of the esters to the overall aroma depends 
on the length of the chain: short-chained esters have fruity Ta
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notes, while the long-chained ones have a slightly fatty odor. 
Moreover, the methyl branch short-chain esters seem to be 
positively related to the aged meat flavor [25].
Ketones can originate from different pathways, with 
lipid autoxidation and microbial metabolism (β-oxidation) 
being the primary ones. In lean ham, a total of 13 ketones 
were found, of which 3 were aliphatic ketones (2-decanone, 
2-undecanone, 2-pentadecanone). These n-ketones were 
widely observed in dry-cured hams [9, 15, 25, 32] and are 
associated with fruity, spicy and sometimes cheesy notes 
[39]. Although 2-decanone and 2-pentadecanone increased 
until the 12th month and then decreased along the remaining 
seasoning period, 2-undecanone showed a different trend, 
increasing only until the end of the post-salting period 
(1 month) and then decreasing after the 6th month. 2-Unde-
canone was the second most abundant ketone found, but it 
was not strongly related to dry-cured ham, being previously 
found only in Kraški pršut [25] and Drniški pršut [32]. Three 
unsaturated ketones were also identified (1-octen-3-one, 
4-hexen-2-one, 3-octen-2-one) and five polyunsaturated ones 
(2,3-octanedienone, 6-methyl-5-hepten-2-one, 3,5-octane-
dien-2-one, 6-methoxy 2-hexanone, 3,5-octadien-2-one). 
As aliphatic ketones, they showed a tendency to increase 
during the first 6 months and then decreased until the end 
of ripening. The only exception to this trend was observed 
for 6-methyl-5-hepten-2-one, which kept increasing until the 
18th month. This compound, as most of methyl ketones, is 
the product of the β-keto decarboxylation or of saturated 
fatty acid β-oxidation [9]. However, Ramirez and Cava [30] 
reported that methyl esters may also originate from free fatty 
acid autooxidation, which is the most likely pathway in the 
presence of a small microbial population, such as inside the 
dry-cured ham [1, 10].
Fourteen alcohols were identified in green and cured 
hams. Linear and branched alcohols mainly result from lipid 
oxidation processes, while methyl branched alcohols can 
also be derived from the Strecker degradation of amino acids 
[40]. The identified alcohols are in line with those already 
observed on Toscano ham [15]; alcohol amount is higher in 
cured than in green ham, except for 2-undecanol, 2-methyl 
-1-decanol, 1-(2-butoxyethoxy) ethanol, benzenemethanol 
and phenol. Most of the observed linear alcohols likely 
derived from fatty acids oxidation. For example, 1-pentanol 
can come from linoleic acid, 1-hexanol from palmitoleic and 
oleic acids, while 1-octanol may be formed from oleic acid 
oxidation [41]. Alcohols are commonly considered minor 
contributors to the overall aroma because of their higher 
odor thresholds, mostly compared to other chemical fami-
lies such as aldehydes. However, some of them, especially 
the straight-chain unsaturated alcohols, have lower thresh-
olds and their contribution to ham’s aroma could be sig-
nificant. Indeed, in this group 1-octen-3-ol can be placed; 
it was found in almost all the studies on dry-cured products 
and easily associated with mushroom-like, earth, fatty and 
sometimes rancid notes [25, 38]. Moreover, 1-octen-3-ol 
was the most abundant alcoholic compound observed in the 
present study and was maintained at high levels along the 
curing process, as reported also by Marušić Radovčić et al. 
[12] and Purriños et al. [42]. In the last 6 months of ripen-
ing, the most abundant alcohols found, besides 1-octen-3-ol, 
were 1-pentanol (mild odor, fuel oil, fruit, balsamic odor), 
2-butoxy ethanol, 1-octanol (aromatic odor, fatty, oily, wal-
nut burnt notes) benzeneethanol, 1-hexanol and 1-heptanol 
(woody, green, fatty, fruity odor) [43].
Carboxylic acids mainly result from the hydrolysis of 
triglycerides and phospholipids, or from the oxidation of 
unsaturated fatty acids [37]. Organic acids are characterized 
by a great variability in hams of different origin. They were 
previously identified as important components of the volatile 
profile of Toscano ham [15], while in Istarski pršut, Kraški 
pršut, Dalmatinski pršut and Drniški pršut [32] they were 
present in low number. For Iberian ham, there are conflict-
ing results: Pérez-Palacios et al. [37] as well as Carrapiso 
et al. [44] found only 5 acids, while Andrés et al. [45] and 
Martínez-Onandi et al. [46] found, respectively, 10 and 12 
acids. In our study, ten acids were identified, among them 
octanoic, nonanoic, decanoic and hexadecanoic acids were 
the most abundant. They increased until the 12th month 
and then slightly decreased until the 18th month, follow-
ing a trend which was already pointed out in Toscano ham 
[15]. Most of the identified acids were straight-chain ali-
phatic acids, and among them the short-chain ones play an 
important role for overall aroma, having a low perception 
threshold [15]. In contrast, long-chain acids, i.e., octanoic, 
nonanoic and decanoic acids, have higher odor thresholds 
and were supposed to not influence the overall aroma; they 
likely may act as precursors of other odor-active compounds, 
such as aldehydes, ketones, alcohols and shorter-chain car-
boxylic acids, produced through the ripening stage [38]. So, 
despite the abundance and the relatively large number of 
acids observed in our samples, they probably did not influ-
ence notably the ham overall aroma.
A total of 13 hydrocarbons were identified both in 
green and cured hams. Hydrocarbons can be divided into 
n-alkanes (hexane, decane, tridecane, tetradecane and pen-
tadecane) which were produced by lipid oxidation; indeed, 
in our samples they all increased until the end of the drying 
period and then dramatically dropped from the 16th to 18th 
month. Some branched alkanes, one branched alkene and 
one branched alkine were also identified; however to the 
best of our knowledge, none has been previously reported 
in literature. This is likely due to the difficulties in iden-
tifying these types of compounds without a more specific 
fiber [47]. However, hydrocarbons usually have high odor 
thresholds and are considered not important contributors 
to the aroma of dry-cured products; contrariwise, aromatic 
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hydrocarbons, due to their lower thresholds and potential 
abundance, can play an important role on overall aroma [30]. 
In this study, two aromatic hydrocarbons were observed, 
styrene and methylbenzene, both found in Iberian ham by 
several authors [1, 10, 39, 48]. Styrene was associated with 
a penetrating odor and sweet smell [43], while methylben-
zene presented sweet notes. This latter compound was also 
observed in dry-cured Chinese Jinhua ham by Huan et al. 
[49], who suggested that it may come from the degradation 
of aromatic amino acids or could also have an exogenous 
origin, i.e., animal feeding [37].
Eventually, the last three compounds reported were 
nitrogenous compounds, a furanone and a furan. Furans 
usually show relatively high odor thresholds, so they are 
considered not very important flavor contributors; how-
ever, 2-pentylfurane has a quite low odor threshold, bring-
ing a vegetable aromatic note. Its presence could play an 
important role in the overall aroma, and it was considered 
an indicator of lipid oxidation. Indeed, this compound is a 
non-carboxylic oxidation product from linoleic and other 
omega-6 fatty acids [45]. 2-pentyl-furan showed a great 
increase from 0 to 12th month, when the highest concentra-
tion was found and then it slightly decreased from the 12th 
to 16th month and dropped in the last 2 months of ripening. 
This trend is consistent with its origin connected to lipid 
oxidation and confirmed by results already reported for Tos-
cano ham [15] and Iberian ham [7]. Moreover, its presence 
was also observed in Kraški pršut [32], Parma ham [50] and 
Iberian ham [36, 40].
Sensory analysis
Sensory analysis (Table  5) has outlined several differ-
ences among seasoning classes. As expected, the dehydra-
tion related to curing brought about greater hardness of 
18 months hams. This emerged both by tactile assessment 
(tactile hardness) and chewing consistency (hardness), in 
accordance with the results on Teruel PDO ham [23] and 
Italian dry-cured ham [22]. The judges also perceived off 
odor and off flavor in 18-month samples. Likely, the greater 
length of the seasoning period might have encouraged the 
onset of oxidation and amino acid degradation phenomena, 
which resulted in off flavors not assimilable to the typical 
matured meat flavor. The increase of the aromatic notes clas-
sified as off flavors in relation to the length of the curing pro-
cess have already been outlined in Serrano dry-cured ham 
[51]. However, the authors also observed how the off flavors, 
in limited amounts, are still important contributors to the 
formation of the typical cured-meat flavor of dry-cured ham. 
Contrariwise, Benedini et al. [22] and Cilla et al. [23], in 
whole slice assessment, did not find any differences between 
14 and15 months and 17–18 months curing ages for any of 
the typical off flavors that may occur in dry-cured hams (bit-
ter, fermented, sweet or rancid).
Table 5  Sensory attributes 
of Toscano ham in relation to 
seasoning time
* Different letters (a, b) among seasoning classes indicate significant differences (P < 0.05)
1 Data are expressed in mm, as reported by each panelist on a 10-cm unstructured scale whose extremes 
were “very low” and “very high”
14 16 18 RMSE P seasoning P panelist
Appearance
Internal fat 32.531 35.76 33.66 14.59 0.389 < 0.0001
Color 42.32 42.53 44.40 12.15 0.546 < 0.0001
Color uniformity 45.69 a 40.53 b 35.90 b 16.00 0.002 0.0002
Marbling 36.92 36.45 40.03 13.59 0.250 < 0.0001
Tyrosine crystals 25.64 26.62 24.90 21.20 0.894 0.0136
Texture
Tactile hardness 36.65 b 37.98 b 42.96 a 12.58 0.009 < 0.0001
Hardness 27.46 b 33.98 a 35.47 a 14.79 0.003 < 0.0001
Juiciness 48.84 50.92 46.86 12.57 0.169 < 0.0001
Aroma
Odor 48.50 48.87 44.09 16.12 0.159 < 0.0001
Off odor 4.13 b 3.89 b 8.61 a 11.94 0.036 0.0004
Taste
Salt 38.47 39.88 41.33 12.72 0.411 < 0.0001
Cured flavor 50.51 49.37 45.37 14.55 0.096 < 0.0001
Off taste 3.95 b 3.80 b 8.62 a 11.73 0.027 0.001
Aftertaste 52.70 53.78 51.43 12.09 0.522 < 0.0001
General acceptability 56.71 56.41 54.67 14.91 0.689 < 0.0001
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Discriminant analysis
The stepwise discriminant analysis (SDA) applied in the 
first scenario selected 26 compounds able to discriminate 
low maturing class (LMC) from high maturing class (HMC) 
(Table 6).
Having only two groups (LMC and HMC) the CDA, 
developed by using the 26 selected compounds produced 
one CAN, whose canonical coefficients (CCs) are listed in 
Table 6. The graph of the CAN (Fig. 1) showed a clean sepa-
ration between the two groups and the Hotelling’s test was 
highly significant (p value < 0.0001). Among the 26 com-
pounds, those with a CC greater than 1 in absolute value 
played an important role in discriminating the two curing 
classes. Moreover, observing Fig. 1, volatile compounds 
listed in Table 6 with positive CCs can be considered more 
related to HMC, whereas those whose CCs are negative 
can be ascribed to LMC. The most influencing compounds 
pointed out by multivariate analysis were pentane, 2,3-dime-
thyl, acetophenone and 9-decenoic acid for LMC and dode-
canoic, benzeneacetaldehyde, 3-octen-2-one and pentanoic 
acid ethylester for HMC. Dodecanoic acid, having the high-
est absolute value in CAN1 (CC = 4.20), is the most effec-
tive compound identifying HMC hams; indeed, its evolution 
during curing was characterized by a very clear ascending 
trend from 0 to 18th month, so it was strongly present in 
HMC samples and less represented in LMC ones. Regard-
less of being a good discriminant in a chemical analysis, it 
had a very high perception threshold (Burdock), so it did 
not contribute to overall aroma and, likely, it was not effec-
tive in a sensorial assessment perspective. The other high-
discriminant compounds (in absolute value terms) followed 
the same trend of dodecanoic acid during ripening, except 
for 3-octen-2one, whose lower occurrence in HMC than in 
LMC seemed to act as the discriminant factor. Finally, DA 
developed by using the selected compounds was correctly 
assigned to all but one of the samples.
In the second scenario, the SDA was applied only to 
HMC hams (divided in 12, 14, 16 and 18 months of season-
ing). The 17 selected compounds are listed in Table 7. The 
distances between samples seasoned for 12 months and the 
others were, on average, twice as high as the reciprocal dis-
tances among 14, 16 and 18 months (Table 8). In this case, 
Hotelling’s t test was highly significant. Samples seasoned 
for 14 and 16 months were not significantly differentiated 
(p value = 0.05) and samples seasoned for 14 and 18 months 
had a p value equal to 0.02. Having four groups, the CDA 
derived three CANs. However, the first two CANs accounted 
for 93% of the total variance and were able to highlight 
differences among groups. CCs for CAN1 and CAN2 are 
reported in Table 7. Figure 2 displays graphs both for scores 
(a) and for loadings (b). In particular, (Fig. 2a) CAN1 sepa-
rated the “12 months” seasoning class from the other classes. 
Stepwise and canonical techniques are not largely applied in 
this field, contrary to the widespread PCA techniques. How-
ever, as far as results can be compared, also Jurado et al. [7] 
reported a clear separation between 12-month Iberian hams 
and the older ones.
However, once submitted to DA, they were not able 
to completely discriminate the four groups. Observing 
Fig. 2b, the main VOCs associated with the “12 months” 
Table 6  Volatile compounds of Semimembranosus muscle of Tos-
cano ham selected by Stepwise discriminant analysis (SDA) and their 
relative canonical discriminant analysis (CDA) scores (Can1) used 
to separate low maturing classes (LMC) and high maturing classes 
(HMC)
Volatile compounds Chemical family Can1
Pentane, 2,3-dimethyl- Hydrocarbon − 1,69
Acetophenone Keton − 1,54
9-Decenoic acid Acid − 1,31
Undecanoic acid, methylester Ester − 0,85
2,4 Heptadienal Aldehyde − 0,41
Tridecane Hydrocarbon − 0,36
Butanal, 2-methyl Aldehyde − 0,36
Decanal Aldehyde − 0,28
Octadecanal Aldehyde − 0,28
1,5-Diphenyl-3-methylthio-1,2,4-
triazole
Nitrogenous compound − 0,26
Nonanoic acid, ethylester Ester − 0,13
Benzeneethanol Alcohol − 0,08
3,5-Octadien-2-one Keton − 0,02
Pentanal Aldehyde − 0,01
Tetradecanal Aldehyde 0,08
4-Hexen-2-one Keton 0,16
Decanoic acid, ethylester Ester 0,29
6-Methyl-5-hepten-2-one Keton 0,36
Benzenemethyl Hydrocarbon 0,37
Ethanol,2-butoxy Alcohol 0,49
Styrene Hydrocarbon 0,52
Heptanal Aldehyde 0,72
Pentanoic acid, ethylester Ester 1,33
3-Octen-2-one Keton 1,34
Benzeneacetaldehyde Aldehyde 1,48
Dodecanoic acid Acid 4,20
Fig. 1  Separation of the 26 compounds selected by SDA relatively 
to their capability in correctly differentiating samples between 
low maturing classes (LMC) and high maturing classes (HMC). 
170 × 32 mm (120 × 120 DPI)
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class were nonanal, 1,5-diphenyl-3-methylthio-1,2,4-
triazole and 6-methoxy 2-hexanone. CAN2 was able to 
differentiate “18 months” seasoning class from the oth-
ers, especially from the “16  months” seasoning class 
(Fig. 2a). In this case, the compounds that most affected 
the class separation are the same as those in CAN1, but 
with reversed signs. However, 3-nonen-5-yne,4-methyl 
plays an important role in CAN2 and probably also in the 
characterization of 18 months samples with respect to the 
14 and 16 ones.
These results suggested that the 26 compounds identi-
fied in the first scenario (Table 6) could be a useful tool 
to quickly determine the curing age of unknown samples. 
This could lead to interesting commercial applications, 
considering that Toscano ham is commercialized starting 
from the 12th month of seasoning. Indeed, before the 12th 
month, the product has not developed yet the set of physi-
cal, chemical and organoleptic characteristics traditionally 
associated with this type of dry-cured ham. Despite the 
loss of accuracy observed in the second scenario, also 
the 17 compounds (Table 7) identified as discriminating 
within the HMC samples turned out to be an interesting 
way to separate at least 12th months samples from the 18th 
months ones.
Conclusions
Results on physical, chemical and sensory analysis agree 
in outlining a decrease in moisture along the curing 
process. Moreover, a decrease in total lipids, SFA and 
MUFA amounts were observed between green and 14- 
and 16-months hams, which is in accordance with VOCs 
evolution along curing. The use of GC–MS technique 
allowed following the aroma development in the Toscano 
ham along the entire manufacturing process, from fresh 
until the 18th month of seasoning, when ham is considered 
a high-quality product. The volatile profile allowed to cor-
rectly identify fresh or seasoned hams and, despite a loss 
of accuracy once moved into the HMC class, this type of 
data processing demonstrated to be able to allocate most 
of the hams to their respective maturing classes. Thanks 
to the specific aroma developing pattern, the volatile com-
pounds analysis along with an appropriate data handling 
could be an interesting tool to check the curing stage of 
hams, also in the perspective of fraud prevention.
Table 7  Volatile compounds 
selected by stepwise 
discriminant analysis (SDA) 
and their relative canonical 
discriminant analysis (CDA) 
scores (Can1, Can2) used 
to classify samples in their 
respective seasoning times (12, 
14, 16, 18), within the high 
maturing class (HMC)
Volatile compounds Chemical family Can1 Can2
1,5-Diphenyl-3-methylthio-1,2,4-triazole Nitrogenous compound − 2.2 4.93
Tridecane Hydrocarbon 1.2 1.75
1-Hexanol Alcohol 1.05 0.22
Nonanal Aldehyde − 1.7 0.68
Ethanol,2-butoxy Alcohol 2.9 − 2.22
2-Hexanone, 6-methoxy Keton − 1.47 1.04
Decanal Aldehyde − 0.17 − 0.41
1-Hexene, 1-butoxy-2-ethyl Hydrocarbon − 0.21 0.11
Benzoic acid, ethyl ester Ester 0.3 0.1
3-Nonen-5-Yne,4-methyl Hydrocarbon 1.25 − 3.62
Pentadecanoic acid Acid − 0.68 0.62
Pentanal Aldehyde − 0.34 − 0.95
Heptanoic acid Acid − 0.9 0.39
Phenol Alcohol 1.59 − 1.84
2(3H) Furanone, dihydro-5-pentyl Furan − 0.51 0.03
Nonanoic acid Acid 0.39 − 0.02
Undecanoic acid, methyl ester Ester − 0.56 1.47
Proportion of explained variation 0,67 0,26
Table 8  Mahalanobis distances between group centroids of HMC 
samples and, in brackets, the corresponding Hotelling’s test of signifi-
cance
Months of 
seasoning
14 16 18
12 8.7 (< 0.001) 12.9 (< 0.001) 10.0 (< 0.001)
14 2.5 (0.05) 3.2 (0.02)
16 5.8 (< 0.001)
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